). These results suggested that the OPS-OE line could constitutively activate the BR pathway. In order to investigate the BR signaling level in the OPS-OE lines, we checked the phosphorylation status of BES1 protein, a key transcription factor involved in the transcriptional response of BR [6, 11] . BRs are perceived at the plasma membrane by BRI1 receptor kinase ). In absence of BRs, the pathway is repressed by BIN2 (BR INSENSITIVE 2) a glycogen synthase kinase 3 (GSK3 [15, 16] ) that phosphorylates BES1 (BRI1-EMS-SUPPRESSOR 1) and BZR1 (BRASSINAZOLE-RESISTANT 1) transcription factors to induce their degradation and prevent their accumulation in the nucleus [6, 7, 17, 18] (Figure 1D) . In presence of BRs, this repressive mechanism is released through the inactivation of BIN2 by the phosphatase BSU1 (BRI1 SUPPRESSOR 1) [19] [20] [21] . The active unphosphorylated forms of BES1 and BZR1 accumulate in the nucleus and bind their target genes to induce the BR cellular response such as cell elongation or a negative feedback on BR biosynthesis [6, 7] .
In Brief
Plants transport photoassimilates through a dedicated vascular tissue, the phloem. Differentiation of phloem cells from meristematic cells is controlled by a genetic framework involving OCTOPUS (OPS). Anne et al. show that OPS function occurs via the repression of the GSK3 BIN2, a negative regulator of the brassinosteroid hormonal signaling pathway. 1 
SUMMARY
The phloem is a vascular strand that conducts photoassimilates and systemic signals throughout the plant to coordinate growth. To date, few molecular genetic determinants have been identified to control both specification and differentiation of this tissue [1] [2] [3] . Among them, OCTOPUS (OPS) protein was previously identified as a polarly localized plasma membrane-associated protein of unknown biochemical function whose broad provascular expression becomes restricted to the phloem upon differentiation [2] . OPS loss-of-function mutants showed an altered vascular network in cotyledons and an intermittent phloem differentiation in the root [2, 4] . Here, we demonstrate a role for OPS as a positive regulator of the brassinosteroid (BR) signaling pathway. Indeed, transgenic lines overexpressing OPS (OPS-OE) display the hallmarks of constitutively overactivated BR mutants. Physiological and genetic analyses place OPS as a positive regulator of the BR signaling pathway upstream of the key transcription factors BES1 and BZR1. Directed protein interactions with known BR signaling proteins identified BIN2, a GSK3 protein involved in multiple signaling pathways, as a partner of OPS. This interaction recruits BIN2 to the plasma membrane, thus preventing its inhibitory activity in the nucleus. Finally, both bikinin (a potent inhibitor of GSK3 [5] ) treatment and downstream dominant mutants bes1-D [6] and bzr1-D [7] can rescue phloem defects of ops in the root. Together, our data show that OPS antagonizes BIN2 to promote phloem differentiation.
RESULTS

OPS-OE Transgenic Lines Display a
Brassinosteroid-Constitutive Response OPS is involved in phloem differentiation [2, 4, 8] ; however, its exact role in this process remains unclear. To gain insight into its function, we overexpressed OPS-GFP in Arabidopsis thaliana Columbia plants. Most of the transgenic lines carrying p35S::OPS-GFP construct displayed elongated hypocotyls and petioles and curly cotyledons and leaves associated with GFP expression ( Figures 1A and S1A ). Among them, we selected a monolocus transgenic line that displayed a reproducible phenotype during the first 2 weeks of growth for further investigation and called it OPS-OE in this article. These phenotypes were reminiscent of those observed in plants with strong constitutive BR response such as cdg1-D transgenic line [9] or 35S::bes1-D plants [6] (Figures S1A and S1B). Furthermore, OPS-OE phenotype can be mimicked in WT seedlings grown on Arabidopsis medium containing 1 mM of brassinolide (BL), the most active form of BRs [10] (Figures 1A and 1B) or 50 mM bikinin, a Glycogen Synthase Kinase 3 (GSK3)-specific inhibitor that induce BR signaling pathway [5] (Figures S1C and S1D ). These results suggested that the OPS-OE line could constitutively activate the BR pathway.
In order to investigate the BR signaling level in the OPS-OE lines, we checked the phosphorylation status of BES1 protein, a key transcription factor involved in the transcriptional response of BR [6, 11] . BRs are perceived at the plasma membrane by BRI1 receptor kinase (BR INSENSITIVE 1 [12] [13] [14] ). In absence of BRs, the pathway is repressed by BIN2 (BR INSENSITIVE 2) a glycogen synthase kinase 3 (GSK3 [15, 16] ) that phosphorylates BES1 (BRI1-EMS-SUPPRESSOR 1) and BZR1 (BRASSINAZOLE-RESISTANT 1) transcription factors to induce their degradation and prevent their accumulation in the nucleus [6, 7, 17, 18] (Figure 1D) . In presence of BRs, this repressive mechanism is released through the inactivation of BIN2 by the phosphatase BSU1 (BRI1 SUPPRESSOR 1) [19] [20] [21] . The active unphosphorylated forms of BES1 and BZR1 accumulate in the nucleus and bind their target genes to induce the BR cellular response such as cell elongation or a negative feedback on BR biosynthesis [6, 7] .
In WT plants, both phosphorylated and unphosphorylated forms of BES1 are accumulated in western blot ( Figure 1C) indicating the versatile nature of this switch during development [6] . When the pathway is activated by addition of BL in growth medium, WT plants mainly accumulate the unphosphorylated form of BES1 ( Figure 1C) . Similarly, the OPS-OE plants displayed an accumulation of the unphosphorylated form of BES1, even in absence of BL treatment, indicating a strong constitutive induction of BR signaling pathway in OPS-OE plants ( Figures  1C and S1A ).
To further assess the BR response in OPS-OE plants, we analyzed the transcript levels of DWARF4 (DWF4) and of SAURAC1, both regulated by BES1 and BZR1 [11, 18, 22] . In BR-defective mutant such as bri1-116 [13, 23] , SAURAC1 is repressed, whereas DWF4 is strongly induced ( Figure 1E ). These genes are regulated in an opposite manner in constitutive BR mutant such as bzr1-D [7] ( Figure 1E ). In OPS-OE plants the level of BR transcriptional response is even stronger than in the constitutive mutant bzr1-D. However, in ops-2 mutant, the transcript levels of SAURAC1 and DWF4 were similar to WT plants (Figure 1E) . OPS gene expression being restricted to the phloem, it is likely that ops mutation effect could have very little effect on global SAURAC1 and DWF4 expression levels. Altogether, these results indicate that OPS-OE plants behave as constitutive BR mutants and activate BR-induced molecular and cellular responses.
OPS Positively Regulates BR Signal Transduction
The constitutive BR signaling observed in OPS-OE can be either the consequence of an increased BR biosynthesis or an activated BR signaling pathway. To discriminate between those two hypotheses, we conducted a pharmacological analysis of OPS-OE treated with BL or brassinazole (BRZ, a specific BR biosynthesis inhibitor [24] ). For this purpose, the OPS-OE line was compared to the bzr1-D mutant and WT plants.
In the presence of 2 mM BRZ in darkness, the hypocotyl length of WT plants is strongly reduced (almost 90% compared to non-treated plants, Figures 2A and 2B ), while bzr1-D mutant is less sensitive to the treatment with a hypocotyl length that decreases only by 60%, a result that had led to the isolation of this mutant (brassinazole resistant 1 [7] ). OPS-OE plants are almost insensitive to BRZ treatments with only 15% of growth reduction compared to non-treated plants (Figures 2A and 2B) . In light conditions, WT plants treated with 1 mm BRZ exhibit a strong reduction of growth ( Figure 2C ) and a strong accumulation of the phosphorylated form of BES1 ( Figure 2D ), whereas OPS-OE still displays its BR-constitutive phenotype and mainly accumulates the BES1 unphosphorylated form ( Figures 2C  and 2D ).
In presence of BL, WT plants display an increased hypocotyl elongation in light-grown seedlings (Figures 2C and S1C-S1F), whereas OPS-OE plants have a very slight increase suggesting that they are insensitive to BL treatment, probably because BR response is already strongly induced in OPS-OE plants. Because OPS-OE is insensitive to both treatments, we conclude that OPS is a positive regulator of the BR signaling pathway.
In order to specify OPS involvement in the BR signaling cascade, we analyzed the genetic interactions of OPS with genes of BR signaling components. Thus, we crossed the OPS-OE into the BR-insensitive mutant bri1-116 (a strong lossof-function allele of BRI1 [13] ) and bin2-1D (a gain-of-function allele of BIN2 [15] ). Those two mutants display typical phenotypes of BR-defective mutants: short petioles and hypocotyl, dark-green round cotyledons and leaves ( Figures 3A and 3B) . Overexpression of OPS suppressed the dwarf seedling phenotype of bri1-116 and bin2-1D restoring the elongation of petioles and hypocotyl in seedlings ( Figures 3A and 3B ) and rescued the sterile phenotype of bri1-116 and bin2-1D ( Figure S2 ). This was associated with a strong accumulation of unphosphorylated BES1, normally hyperphosphorylated in bri1-116 and bin2-1D mutants ( Figure 3C ). These data suggest that OPS function is epistatic to both BRI1 and BIN2.
OPS Interacts with BIN2 at the Plasma Membrane
The previous results would suggest that OPS acts as a positive regulator of BR signaling pathway downstream of BRI1 and BIN2. However, BIN2 directly phosphorylates BES1 and BZR1 [6, 17] and OPS-OE modifies the phosphorylation status of BES1 in bin2-1D suggesting OPS could directly inhibit BIN2 function. We tested whether OPS and BIN2 directly interact with each other in yeast two-hybrid split ubiquitin assays [25] . A positive interaction between OPS and BIN2 was found in yeast ( Figure 3E ) and confirmed in planta by bimolecular fluorescence complementation (BiFC [26] ) assays. A strong fluorescence signal in Nicotiana benthamiana epidermal cells transiently coexpressing OPS fused to N-terminal half of YFP (nYFP-OPS) and BIN2 fused to the C-terminal half of YFP (cYFP-BIN2) reveals an OPS/BIN2 interaction at the plasma membrane ( Figure 3F ). However, OPS did neither interact with itself nor with the membrane anchored proteins BRI1 and BAK1 ( Figures 3F and S3 ).
OPS Sequesters BIN2 to the Plasma Membrane
The interaction of OPS and BIN2 at the plasma membrane is contrasting to the biological activity of BIN2 which has been described as occurring mostly in the nucleus [18] . To further investigate the effect of OPS on BIN2 localization, transient transformations of mCherry-BIN2 alone or together with OPS-GFP were performed in Nicotiana benthamiana. 3D views of mCherry-BIN2 alone highlighted the strong signal in cytoplasmic strands and nucleus and the low abundance of the protein at the plasma membrane ( Figure 3G ). By contrast, in presence of OPS-GFP, whose location was mainly confined to the plasma membrane, BIN2 localization appeared lower in the nucleus and higher in the plasma membrane ( Figure 3G ). This is confirmed by the quantification of the fluorescence intensity present in the nucleus and plasma membrane in the two conditions (Figures 3H and 3I) . These results suggest that upon the presence of OPS-GFP, mCherry-BIN2 is depleted from the nuclei and accumulates instead at the plasma membrane.
BIN2 Inhibition Rescues ops Root Phloem Defects in a BES1-and BZR1-Dependent Manner
To investigate the possible regulation of BIN2 by OPS during phloem differentiation, GSK3 activity was inhibited by bikinin treatment [5] in ops mutants. The ops mutant displays a short root phenotype, less complex vascular pattern in cotyledons, and defects in phloem differentiation in the root [2] .
In roots, phloem differentiation can be detected with the progressive thickening of the cell wall concomitant with cell elongation ( Figure 4A ). While most of WT plants did not display any phloem defects (87% on Arabidopsis medium supplemented with DMSO), in ops-2 mutant 50% of roots displayed phloem ''gap'' corresponding to an island of undifferentiated cells inside a differentiated phloem file of the root meristematic region (Figures 4A and 4B) . Treatment of ops-2 mutant with 25 mM of bikinin partially rescued ops phloem defects. This was also confirmed in other ops alleles ( Figure S4B , ops-1 [8] and ops-4 [27] ), indicating that inhibition of BIN2 activity is necessary for correct phloem differentiation.
Since BIN2 is a repressor of BR signaling pathway, we assayed whether inhibition of different steps of the BR pathway could mimic ops phloem phenotype. Occasional gaps were found in det2-1 or in BRZ-treated WT plants, albeit at a much lower frequency than in ops. However, we did not observe any interruption of phloem differentiation in bri1-116 or bin2-1D ( Figures S4A and S4B ). This could be explained by the epistasis of OPS on those components (shown in Figure 3) . Similarly, BL treatment does not rescue ops phloem defects ( Figure S4B ). Taken together, these results suggest a limited role of BR hormones on the phloem differentiation process.
Beside its repression of the BR signaling pathway, BIN2 is known to regulate several signaling pathways including auxin or MAP Kinase signaling [28, 29] . We wondered which pathway downstream of BIN2 is necessary for phloem differentiation. To elucidate this, ops-2 was crossed with bzr1-D and bes1-D mutants activating BR responses downstream of BIN2 [6, 7] . We assessed phloem defects in ops-2 bzr1-D and ops-2 bes1-D roots and both bzr1-D and bes1-D mutations permit to partially reestablish correct phloem differentiation in ops roots ( Figure 4C ), supporting positive effect of the downstream BR signaling pathway on phloem differentiation and suggesting that common target genes of BES1 and BZR1 are important for phloem differentiation in the root. ops-2 bes1-D, and ops-2 Figure 4D) suggesting that either the combined transcriptional response of BES1 and BZR1 or other BIN2-regulated pathways are required for root growth. However, the number of vascular loops in ops-2 bes1-D and ops-2 bzr1-D mutants was similar to ops mutant, while WT, bes1-D and brz1-D vascular loops were comparable indicating that this embryonic phenotype was not rescued (Figures S4C-S4E ). This is consistent with the low expression level of both BZR1 and BES1 during embryogenesis ( Figure S4F ). However, we confirmed the expression of BIN2, BES1, and BZR1 in the root differentiating protophloem (Figures 4E and 4F) . During protophloem differentiation, BES1 and BZR1 have a variable accumulation level in the nucleus (Figure 4F) . They seem to accumulate in the nucleus at the onset of differentiation and then disappear from it. Although their stronger nuclear accumulation correlates with the expression pattern of OPS, their disappearance from the nucleus coincides with the progressive nucleus degradation step of the differentiation process [30] . Thus, BES1 and BZR1 subcellular localization along the phloem cell file is difficult to interpret, as it corresponds to both BR signaling responses and physical modifications of the nucleus. Taken together, these observations indicate a role for BIN2 activity on the transcription factors BES1 and BZR1 for the phloem differentiation process in the root. 
DISCUSSION
Current knowledge of BR signaling pathway reveals a complex integration of various signals regulating the BR signaling pathway [31, 32] . From the hormone perception by BRI1 at the plasma membrane to the nuclear response mediated by the transcription factors BES1 and BZR1, many proteins are involved in signal transduction. Among them, BIN2 stands out as a key regulator integrating various signals [33] .
Here, we present genetic, physiological, and biochemical evidences for the involvement of OPS in the regulation of BIN2, a signal integration hub repressing the BR signaling pathway. Based on OPS-OE lines studies, we provide phenotypical and molecular supports for its role in inducing BR responses such as accumulation of unphosphorylated BES1. Furthermore, physiological and genetic analyses placed OPS as a positive regulator of the BR signaling pathway. OPS interacts with BIN2 at the plasma membrane in yeast and in planta. Taken together, our results suggest that OPS may inhibit BIN2 repression on the key transcription factors BES1 and BZR1 to induce phloem differentiation. Studies have pointed out the important role played by the compartmentalization of BIN2 in regulating this pathway in plants [18] but also in the Wnt signaling pathway in animals [34] . Here, we show that BIN2 interacts with OPS at the plasma membrane and suggest this localized interaction sequesters BIN2 preventing its nuclear repressive function on BR response.
OPS has been involved in vascular differentiation since its expression coincides with the site of cell-fate decision during early vascular development (preprocambial cells [8] ) and phloem differentiation (phloem initials [2, 4] ). Furthermore, vascular loops and phloem differentiation defects have been detected in ops mutant [2] . Here, we provided substantial evidences that BIN2 inhibition, through bikinin treatment or activation of BR pathway downstream of BIN2 (using bzr1-D or bes1-D alleles), can rescue phloem phenotypes of ops roots. Consistently, those signaling components are co-expressed in this tissue. Thus, BIN2 inhibition or/and activation of downstream targets is essential for phloem differentiation.
BRs were previously shown to regulate vasculature balance between xylem and phloem [35] . Here, we show that BR signaling downstream of BIN2 is also involved in protophloem differentiation; however, BRs themselves do not seem absolutely required for this process. Indeed, inhibition of BR biosynthesis does not mimic phloem differentiation defect similar to ops ( Figures S4A and S4B) , and BR treatment does not rescue ops defects unlike bikinin treatment ( Figure S4B ). Recent studies have pointed out the role of GSK3 downstream of a TDIF/ TDR (TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR and TDIF RECEPTOR) module acting as a negative regulator during xylem differentiation [36] in a BR-independent manner. Similarly, acquisition of phloem cell fate is regulated by the activity level of a CLE45/BAM3 module (a homologous module to TDIF/TDR) that blocks phloem differentiation [3, 4] . OPS was shown to play a crucial, yet unknown, role in this pathway as a master regulator to induce phloem differentiation [4, 37] . It is tempting to speculate, that similar to the TDIF/TDR pathway involved in xylem differentiation, BIN2 could inhibit phloem differentiation entry through the CLE45/BAM3 pathway. In this putative model, OPS would intimately regulate the phloem differentiation entry through its inhibitory action on the GSK3 BIN2. Further studies will aim at characterizing the nature of inducing signal activating OPS function on BIN2 (hormonal and/or peptidic) and replace it within the current genetic framework controlling protophloem differentiation [4] . 
